The belief that weight loss improves obstructive sleep apnea (OSA) has limited empirical support. The purpose of this 4-center study was to assess the effects of weight loss on OSA over a 1-year period.
W
EIGHT LOSS IS FREquently recommended to improve obstructive sleep apnea (OSA) among obese patients, yet the empirical support for this recommendation is weak. 1, 2 Descriptive studies have assessed the apneahypopnea index (AHI) before and after weight loss, although most have examined the effects of surgically induced weight loss. 3 The existing studies are limited by small samples (N=8-26 participants), short durations (Յ6 months), predominantly male samples (90%), and the lack of comparison groups that do not lose weight. 3 One nonrandomized study of 23 participants with a mean (SD) AHI of 55 (8) events per hour and a mean (SD) weight of 112 (7) kg found that the AHI was reduced by 46% in those individuals who had lost 10% of initial weight, while those who were weight stable demonstrated no change in AHI. 4 The only randomized study to date was among 72 predominantly male patients with mild apnea (AHI, 5-15) who weighed approximately 97 kg. An 11-kg weight loss reduced the risk of OSA by 76% relative to the control group, which lost 2 kg. 5 Epidemiological studies have shown that weight loss reduced the AHI and weight gain increased the AHI, but very few participants in those cohorts had OSA or lost clinically significant amounts of weight. 6, 7 Therefore, there are few studies indicating whether the amount of weight loss (10%) recom-mended by expert and government panels is sufficient to improve OSA. 8 Such data are necessary to help physicians and their patients understand the expected benefits of weight loss in the management of OSA.
Recently, we documented an extremely high rate (86%) of OSA among obese patients with type 2 diabetes seeking to lose weight. 9 The purpose of this study was to assess the effect of weight loss, produced through an intensive lifestyle intervention, on OSA in obese patients with type 2 diabetes. We hypothesized that weight loss would significantly improve OSA. This study addressed the limitations of previous investigations by enrolling a large sample (n=264), with nearly equal numbers of men and women, and by using a randomized controlled trial design over a 1-year period.
METHODS

PARTICIPANTS
Participants for this study were enrolled in the Sleep AHEAD (Action for Health in Diabetes) study, an ancillary investigation of the Look AHEAD study, a 16-center randomized, controlled clinical trial investigating the long-term health impact of an intensive lifestyle intervention. In the Look AHEAD study, a total of 5145 overweight and obese adults with type 2 diabetes were randomized to intensive lifestyle intervention or to diabetes support and education. The details of Look AHEAD's design 10 participant characteristics at baseline, 11 intervention, 12 and 1-year outcomes 13 have been described elsewhere. Primary inclusion criteria for Look AHEAD were patients aged 45 to 75 years with a body mass index (BMI) (calculated as weight in kilograms divided by height in meters squared) greater than or equal to 25 (Ն27 if taking insulin), physicianverified type 2 diabetes, a hemoglobin A 1c level of less than 11%, and a blood pressure reading of less than 160/100 mm Hg. In addition to Look AHEAD criteria, an exclusion criterion for the Sleep AHEAD study was previous surgical or current medical treatment for OSA. Patients with previously diagnosed but untreated OSA were eligible to participate.
Sleep AHEAD participants were recruited at 4 Look AHEAD sites: University of Pennsylvania, Philadelphia; University of Pittsburgh, Pittsburgh, Pennsylvania; Columbia University, New York, New York; and Brown University, Providence, Rhode Island. The study was approved by the institutional review boards at each of the participating sites, and all participants provided written informed consent. Participants and their primary care physicians were provided a summary of the polysomnogram (PSG) results after each assessment.
At the second Look AHEAD screening visit, a research assistant informed participants about the Sleep AHEAD study. Interested participants then consented to undergo a screening to assess eligibility. Each Sleep AHEAD site enrolled participants until the target level (approximately 75 per site for 300 across sites) was achieved. When those participants who were enrolled in Sleep AHEAD (N=306) were compared with those enrolled in Look AHEAD but not in Sleep AHEAD at the 4 Look AHEAD sites (N=1012), there were no differences between the groups in weight, BMI, sex, race/ethnicity, or waist circumference. Sleep 9 The 306 Sleep AHEAD participants were assessed by unattended overnight PSG, a sample that is described in detail elsewhere. 9 Of the 306 patients assessed by PSG at baseline, 42 did not have OSA, leaving 264 participants for the current study (Figure 1 ).
INTERVENTION
As part of the Look AHEAD study, eligible participants were randomly assigned to either diabetes support and education (DSE) or intensive lifestyle intervention (ILI) using a Webbased data management system that verified eligibility. Randomization was stratified by clinical center and blocked with random block sizes. Sleep technicians and the PSG scorer were blinded to participant randomization.
Intensive Lifestyle Intervention
The ILI participants received a group behavioral weight loss program developed specifically for obese patients with type 2 diabetes. 12 Participants were prescribed portion-controlled diets that included using liquid meal replacements, frozen food entrees, and snack bars for the first 4 months (with reduced use from months 5-12). The prescribed energy intake was 1200 to 1500 kcal/d if the patients weighed less than 113.6 kg or 1500 to 1800 kcal/d if the patients weighed 113.6 kg or more, with 30% or less calories from fat. The physical activity prescription was 175 min/wk of moderate-intensity activity such as brisk walking.
Diabetes Support and Education
The DSE participants attended 3 group sessions over a 1-year period. These sessions focused on diet, physical activity, and social support as they related to effective diabetes management. The current prospective, randomized study design took advantage of the anticipated between-group dif- ferences in weight change over time to assess the effect of weight loss on OSA.
DEPENDENT MEASURES
Polysomnography
The primary dependent variable was AHI as assessed by PSG. An unattended overnight PSG was performed in the participant's home with a commercially available portable system (Compumedics PS-2; Compumedics Sleep, Abbotsville, Australia) using techniques similar to those developed for the Sleep Heart Health Study. 14 The following signals were recorded: electroencephalogram (C3A2 and C4A1), bilateral electrooculogram, chin muscle activity, rib cage and abdominal excursion (piezoelectric crystal), and nasal airflow (nares pressure). Airflow was also assessed by oronasal thermistry. Snoring was monitored by putting the nasal pressure signal through a highpass filter. Body position, electrocardiogram (lead 1), and oxygen saturation (by pulse oximetry) were also recorded. A team of 2 technologists went to the participant's home in the evening to apply the sensors. The participant was instructed to go to bed at his or her regular time, and the monitor was programmed to start recording 1 hour earlier. The technologists returned to the participant's home the following morning to remove the sensors and to retrieve the monitor.
All PSGs were scored manually 15 (with the aid of computer software) by the same registered PSG technologist at a centralized reading laboratory at the University of Pennsylvania. Scoring of apnea required a decrease in the nasal pressure airflow signal to 10% or less of baseline for 10 seconds or more. Scoring obstructive apnea required the concomitant presence of respiratory-related chest wall movement, and scoring central apnea required the absence of chest wall movement. Mixed apneas were scored as obstructive apneas. Hypopnea was defined as 30% or more reduction from baseline in thoracoabdominal movement or airflow lasting 10 seconds or more with 4% or more oxygen desaturation. 15 The absence of respiratoryrelated nasal pressure fluctuations for 10 seconds or more in the presence of fluctuations in the oronasal thermistor signal was scored as hypopnea. The AHI was the sum of the number of apneas and the number of hypopneas per hour. It was classified into mild (5.0-14. 
Morphometrics
Weight, height, waist circumference, 11 and neck circumference 16 were assessed within 1 week of the PSG.
STATISTICAL ANALYSIS
Differences between participants who did and did not complete the 1-year PSG were tested using Wilcoxon rank sum tests for continuous variables and 2 tests for categorical variables. Similar analyses were used to test for differences between the ILI and the DSE groups at baseline.
The primary analysis was a linear mixed-effects model, with time, treatment, and a time-by-treatment interaction as principal explanatory variables. This model posited an unrestricted structure on the variance-covariance matrix of the residuals on all 264 participants. Two additional sensitivity analyses were conducted. The first was a regression analysis conducted on the 219 participants who had both baseline and 1-year PSGs, which assessed the treatment's impact on changes in weight and AHI. 17 The second was an analysis of covariance predicting year-1 values after controlling for baseline. Interaction terms were used to identify modifiers of the treatment effect on the AHI. Results from these 3 analyses were similar with respect to treatment effect (same direction and significance). The treatment effects obtained from the linear mixed-effects models are reported herein. The appropriate parametric or nonparametric partial bivariate correlations were used to identify predictors of change in the AHI after the treatment assignment was controlled for. All correlates were entered in multiple regressions to predict the change in the AHI after treatment assignment and sex were controlled for. All statistical analyses were conducted using SAS version 9.1.3 (SAS Institute Inc, Cary, North Carolina) and included research site as a fixed effect to account for any site effects.
The 
RESULTS
PARTICIPANTS
The baseline characteristics of the 264 study participants are listed in Table 1 : 38.7% had mild OSA (AHI, 5.0-14.9), 35.2% had moderate OSA (AHI, 15.0-29.9), and 26.1% had severe OSA (AHI, Ն30). Only 5.0% of participants were receiving continuous positive airway pressure (CPAP) at the 1-year follow-up (6.4% DSE, 3.5% ILI; P =.31). The participants were asked to discontinue CPAP for 72 hours before their PSG assessment. No differences were observed when the analyses were run with and without these participants, so the results from the full sample (N=264) are reported herein. No effect for the research center was observed in any of our analyses.
WEIGHT
The ILI participants lost significantly more weight at 1 year (10.8 kg) than did DSE participants (0.6 kg) (b=−10.2; 95% CI=−12.1 to −8.4; P Ͻ.0001). They also experienced significantly greater reductions in waist and neck circumferences than did DSE participants ( Table 2) . Across conditions, men reduced their weight by 8.0 (11.4) kg and women by 3.7 (7.2) kg.
APNEA-HYPOPNEA INDEX
Treatment Effects
The OSA among ILI participants improved, while it worsened among DSE participants. Among the ILI partici-pants, the AHI decreased from 22.9 (18.0) to 18.3 (15.3) (PϽ.001 within group), while among the DSE participants, the AHI increased from 23.5 (15.0) to 28.3 (20.7) (PϽ .01 within group) (Figure 2) . Relative to the DSE group, the ILI treatment was associated with an adjusted mean decrease in the AHI of 9.7 events per hour (95% CI, −13.6 to −5.7; PϽ.001). Table 2 shows that the between-group differences in the AHI were the result of changes in obstructive apnea episodes (PϽ .001) rather than changes in hypopnea episodes (P=.24).
In addition to these significant mean differences in the AHI, weight loss resulted in clinically significant changes in OSA categories over 1 year. While there were no differences between the groups in the OSA category at baseline (P =.23), there were differences at 1 year (P=.002). Specifically, remission of OSA (AHI, Ͻ5 events per hour) at 1 year was 3 times more common in the ILI participants (13.6%) than in the DSE participants (3.5%) at 1 Abbreviation: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared).
a P values are for between-group differences based on linear mixed-effects models, with time, treatment, and a time-by-treatment interaction as principal explanatory variables and research site as a fixed effect. year. Also, the percentage of participants who had severe OSA at 1 year was more than twice as great in the DSE group (18.4%) than in the ILI group (37.9%) ( Table 3) . Similarly, more than twice as many ILI participants, compared with DSE participants, demonstrated improvement in their OSA category (eg, severe to moderate, moderate to mild, and mild to none) over 1 year (Figure 3) .
Treatment Interaction Effects
There were significant treatment interactions with both sex (PϽ.02) and baseline AHI (PϽ .001). Sex and baseline AHI were separate and independent modifiers of ILI such that the ILI was more effective in reducing the AHI in men than in women and more effective in participants with higher levels of baseline AHI than in those with lower levels of baseline AHI.
VARIABLES ASSOCIATED WITH CHANGE IN AHI Baseline Variables
After the treatment assignment was controlled for, the only baseline variables significantly associated with changes in AHI over 1 year were AHI (r=−0.34, PϽ.001), waist circumference (r = −0.20, P Ͻ .01), and weight (r = −0.18, PϽ.01). There was a trend toward significance in hemoglobin A 1c levels (r=0.12, P=.08). Neck circumference (P=.23) was not related to change in AHI. To examine whether these bivariate relationships were independently associated, we constructed a multivariable linear regression model to predict change in AHI and included these 5 variables as well as treatment assignment, research site, and sex. The only statistically significant multivariable predictor of change in AHI was baseline AHI (b= −0.30; 95% CI, −0.42 to −0.18; PϽ.001). Greater levels of AHI at baseline were associated with greater decreases in AHI over 1 year. Multicollinearity was not observed in any of the models (variance inflation factors were all Յ3.3).
Change Variables
After treatment assignment was controlled for, changes in AHI were associated with changes in weight (r =0.35, PϽ.001), waist circumference (r=0.30, PϽ .001), and neck circumference (r=0.17, P=.01). Changes in hemoglobin A 1c levels were not related to changes in AHI (P = .47). These variables were highly intercorrelated (weight loss and change in neck circumference: r=0.42, P Ͻ .001; weight loss and change in waist circumference: r=0.68, PϽ.001; and change in neck circumference and change in waist circumference: r=0.36, PϽ.001). After these 4 variables were entered and after treatment assignment, research site, and sex were controlled for, change in weight circumference was the only statistically significant predictor of change in AHI (b=0.63; 95% CI, 0.21-1.04; P=.003). Greater weight loss was associated with greater reduction in AHI. Despite the large bivariate correlations, multicollinearity was not observed in any of the models (variance inflation factors were all Յ3.7). Independent of treatment category, participants who lost 10 kg or more had significantly greater changes in AHI than in all other weight change categories (Figure 4) .
COMMENT
In this largest randomized controlled trial on the effects of weight loss on OSA, weight loss produced by an ILI significantly improved OSA as measured by AHI. The intervention was most effective for men and for partici- pants with higher baseline values of AHI. The observed reduction in AHI associated with weight loss was less than the results of uncontrolled studies of AHI after weight loss 4 but similar to those of a recent controlled trial of mild apnea. 5 These mean changes in AHI obscure important clinical changes that occurred with weight loss. It is notable that more than 3 times as many participants in the ILI group than in the DSE group had total remission of their OSA, and the prevalence of severe OSA among the ILI participants decreased to half that among the DSE participants. These decreases in the presence and/or the severity of OSA among obese patients who have type 2 diabetes are likely to confer significant benefit. 18 There is emerging evidence that any reduction in AHI appears to be associated with a decrease in cardiovascular risk. A recent observational study revealed that men with untreated severe OSA (AHI, Ͼ30 events per hour) experienced a significantly greater incidence of fatal and nonfatal cardiovascular events compared with age-and BMI-matched healthy men. 19 A prospective analysis from the Wisconsin Sleep Cohort found a dose-response association between the AHI at baseline and the presence of hypertension 4 years later that was independent of known confounding factors, including BMI. 20 Also, an observational cohort study demonstrated that there was an association between increased severity of OSA and increased risk of stroke or death from any cause and that the association between AHI and these outcomes was independent of other cardiovascular and cerebrovascular risk factors, including hypertension. 21 These latter findings are supported by the cross-sectional results of the Sleep Heart Health Study, showing that the risk of stroke increases progressively with increasing AHI. 22 Collectively, these data suggest that the alleviation or mitigation of OSA severity associated with the weight reduction achieved by participants in our study will, if sustained, decrease exposure to the medical risks of OSA as well as reduce health care use and economic costs. 23, 24 The second principal finding of our study was that initial AHI and weight loss were the strongest predictors of change in AHI. Although statistically significant, the effect of each variable was modest. Each additional higher value of baseline AHI was associated with a 0.3 decrease in subsequent AHI, while each kilogram of weight loss was associated with a decrease in AHI of 0.6 events per hour. The subset of ILI participants who lost 10 kg or more experienced a reduction in AHI of 11.3 events per hour, a reduction that was significantly greater than all other weight change categories. Given the strong crosssectional relationships among neck and waist circumference and AHI, [25] [26] [27] it is somewhat surprising that changes in neck and waist circumference were not more related to changes in AHI. The absence of this association was likely because weight loss and reductions in neck and waist circumferences were highly correlated and because the changes in overall weight were reflected in changes in waist and neck circumference.
The third principal set of findings is cause for concern. The DSE group, which was weight stable (−0.6 kg) over 1 year, had a mean increase in AHI of 4 events per hour, a statistically significant difference. Therefore, the DSE participants had moderate OSA (AHI, 24) at baseline, but their OSA deteriorated to approach the severe category (AHI, 28) over 1 year, even with no weight gain. This finding suggests that untreated OSA in this age group has a relatively rapid natural progression, increasing 4 events per hour in just 1 year. A planned 4-year assessment of this cohort will ascertain whether this progression continues to worsen. It is also troubling that so few participants (ie, 5%) were receiving CPAP therapy at 1 year. The high prevalence of OSA in these obese adults with type 2 diabetes, the rapid progression of untreated OSA in this cohort, and the paucity of CPAP use 1 year after participants and their providers were informed of the diagnosis mean that this patient subset is at greater risk of the adverse consequences of OSA, such as hypertension, 20 stroke, 22 impaired quality of life, 28 and mortality. 29 This increased risk for adverse consequences of OSA is especially significant for these participants, who are already at greater risk for untoward consequences based on their obesity and type 2 diabetes.
This randomized controlled trial on the effects of weight loss on sleep apnea had several strengths compared with prior studies, including a larger sample of both men and women. Our study also followed up participants for a full year, longer than many previous studies. Our study has several important limitations. The results should not be generalized to younger patients, to patients without type 2 diabetes, or to patients with milder degrees of OSA. Similarly designed randomized controlled trials are needed to assess the effects of weight loss on OSA in these groups. Future studies should also explore the reasons for these improvements in OSA (eg, mechanical, metabolic, and hormonal).
In conclusion, weight loss produced through an ILI significantly improved OSA among obese participants with type 2 diabetes. The greatest benefit was observed in men, in participants with more severe OSA at baseline, and in participants who lost the most weight. The significant increase in AHI over 1 year in participants who were weight 
